INTRODUCTION
============

Wave-like excitations, such as photons (light waves) ([@R1]), plasmons (plasma oscillations) ([@R2]), and magnons (spin waves) ([@R3]), are attractive for applications in future non-charge-based technologies ([@R3]--[@R13]). Spin waves, in particular, are interesting because of their small wavelengths and ease of tunability, in addition to their reconfigurable functionality ([@R14]). A magnetic conduit is one of the building blocks of a spin-wave device (SWD) that transmits information, encoded in the amplitude/phase of the spin waves ([@R15]). Spin waves with small wave numbers (that is, large wavelengths) and low frequencies are highly anisotropic. Depending on the orientation of the spin-wave wavevector (***k***) with respect to magnetization (***M***) direction, three different categories are defined: two for in-plane magnetized cases, namely, Damon-Eshbach (DE) spin wave, where ***M*** ⊥ ***k***, and backward volume (BV) spin wave, where ***M*** ∥ ***k***; and one for perpendicular magnetization, namely, forward volume (FV) spin waves, where ***M*** ⊥ ***k*** ([@R16]). Usually, DE spin waves are chosen in demonstrations that use lithographically fabricated microconduits due to their large group velocity---resulting in large propagation length, efficient coupling with inductive excitation elements, and suitability for spin-orbit torque-based control ([@R17]). However, these devices are inefficient for transmitting spin waves in a curved microconduit ([@R7], [@R18]). On the other hand, FV spin waves support spatially isotropic propagation of spin waves, which could enable transmission of information in any arbitrary directions---advantageous for circuit implementation. Recently, a logic operation ([@R19]) based on isotropic FV spin waves has been found to outperform their in-plane magnetized counterparts ([@R20]). The demonstration uses yttrium iron garnet (YIG) biased in the out-of-plane direction with an externally applied magnetic field (*H*~a~ ≥ 180 mT) ([@R19]). In another development, an improved interferometer based on FV spin waves has been shown using YIG with an out-of-plane magnetic field (*H*~a~ \~ 300 mT) ([@R21]). The results provide a foundation for realization of multi-input multi-output logic gates based on isotropic spin waves. However, the benefits of FV spin waves are hindered because of the requirement of a large external out-of-plane magnetic field ([@R19], [@R21], [@R22]). In addition, large damping of the available out-of-plane magnetized material, such as Co/Pd, Co/Ni, and CoFeB, restricts their application for conduits in an SWD. It leads to the options of using typical in-plane low-damping materials, such as permalloy (Py) ([@R3]), YIG ([@R4]), and Heusler alloys ([@R23]), and external bias magnetic field seems to be unavoidable. Note that exchange-dominated spin waves with large wave numbers and high frequencies also have isotropic propagation characteristics and they can be excited using spin Hall effect ([@R4]), spin Seebeck effect ([@R24]), and parametric pumping ([@R25]). However, here, we demonstrate the isotropic propagation of coherent, low-energy spin waves with small wave numbers and low frequencies.

Here, we design a spin-wave conduit in which thin Py is exchange-coupled to a multilayer of Co/Pd \[well known for its perpendicular anisotropy ([@R26])\], which induces out-of-plane magnetization in an otherwise in-plane magnetized Py conduit. Thus, it eliminates the need of external stand-by power for biasing purposes. Devices are fabricated using top-down microfabrication techniques. Out-of-plane magnetization in Py has been shown by measuring hysteresis loops using the magneto-optical Kerr effect (MOKE) technique. Micro--Brillouin light scattering (micro-BLS) technique has been used to directly probe spin waves in our devices. Isotropic propagation has been shown in a microconduit with multiple channels at arbitrary angles. The advantages of the proposed devices include the use of existing low-damping materials in isotropic mode, ultralow power operation, suitability for device integration, and nonvolatile operation at room temperature.

RESULTS AND DISCUSSION
======================

The schematic of the micro-BLS experiment and sample architecture have been shown in [Fig. 1](#F1){ref-type="fig"}. In the micro-BLS technique, a monochromatic laser is focused down to \~250 nm, and scattered beam is analyzed using a tandem Fabry-Perot (TFP) interferometer (for details of the BLS experiment, see Methods). Spin waves are excited by using a ground-signal-ground (GSG)--type stripe antenna, which is connected to a radio frequency (RF) signal generator. The direction of the RF field (*H*~rf~) due to the RF current (*I*~rf~) is shown in the enlarged view of [Fig. 1A](#F1){ref-type="fig"}. Three magnetic microconduits, which are typically 2 μm wide and designed from Cr(5)/Cu(10)/Pd(5)/\[Co(0.3)/Pd(1.1)\]~6~/Py(5), Cr(5)/Cu(10)/Pd(5)/\[Co(0.3)/Pd(1.1)\]~6~ and Cr(5)/Py(5) multilayers (for details of the sample fabrication, see Methods), are shown in [Fig. 1B](#F1){ref-type="fig"}. Henceforth, they are denoted by Co-Pd-Py, Co-Pd, and Py, respectively. The numbers in the first brackets indicate thickness in nm. Note that Co-Pd and Py microconduits are used as references for comparison with our Co-Pd-Py devices. In the multilayer structures, the bottom-most Cr layer is used for better adhesion. Second-layer Cu is incorporated as a buffer layer, which was found to enhance the coercive field in Co/Pd multilayers ([@R26]). Third-layer Pd is used as a seed layer to improve the growth of a Co/Pd multilayer. The number of repetitions (here, six) and the thicknesses of the Co and Pd layer for the \[Co(0.3)/Pd(1.1)\]~6~ were chosen to achieve large perpendicular anisotropy and sharp magnetization switching ([@R27], [@R28]). Arrows shown [Fig. 1B](#F1){ref-type="fig"} indicate expected remanent magnetization directions.

![Experimental configuration and device architecture.\
(**A**) Schematic of the experimental configuration. A laser beam is focused using a 100× objective onto the sample, which is placed on top of a nanopositioning stage, and the scattered beam is collected by the same objective and directed toward an interferometer by using a polarizing beam splitter. A white light and a camera are collinearly arranged for positioning and stabilization of the sample. Spin waves were excited by a GSG-type stripe antenna, which is shown to be connected to an RF signal generator. The enlarged view of the device shows the direction of the RF current (*I*~rf~) and RF field (*H*~rf~). Instruments that are controlled by the computer are each marked by an asterisk. N.A., numerical aperture. (**B**) Schematic of the sample cross section showing the Cr(5)/Cu(10)/Pd(5)/\[Co(0.3)/Pd(1.1)\]~6~/Py(5) ≡ Co-Pd-Py multilayer structure of the microconduits. The numbers in the first brackets indicate thickness in nm. Two reference microconduits consisting of Cr(5)/Cu(10)/Pd(5)/\[Co(0.3)/Pd(1.1)\]~6~ ≡ Co-Pd and Cr(5)/Py(5) ≡ Py are also shown.](1700638-F1){#F1}

To investigate the magnetization reversal mechanisms, we have recorded MOKE hysteresis loops in the polar (for Co-Pd-Py and Co-Pd microconduits) and longitudinal (Py microconduit) geometry using a focused laser (635 nm) with a spot diameter of \~5 μm, and the results (squares) are shown in [Fig. 2](#F2){ref-type="fig"} (A to C). Note that we have fabricated arrays of magnetically isolated microconduits to enhance the MOKE signal. The magnetic hysteresis for the corresponding films (dotted lines) is incorporated for comparison. We have found perpendicular remanent magnetization in Co-Pd-Py with a large coercive field (*H*~c~ \~ 118 mT), which is, however, smaller than that of Co-Pd (*H*~c~ \~ 240 mT), a widely used multilayer for perpendicular anisotropy. This large difference in the *H*~c~ values between Co-Pd-Py and Co-Pd can be attributed to the competition between in-plane magnetic anisotropy of the Py top layer with the perpendicular anisotropy of the Co-Pd bottom layer, which results in a much lower *H*~c~ in Co-Pd-Py ([@R28]). Additionally, we have investigated in-plane MOKE loops for Co-Pd-Py (not shown), and it is similar to a typical hard axis loop. It indicates that the Py top layer---the thickness of which is only 5 nm, comparable to its exchange length---has uniform out-of-plane magnetization due to the exchange-coupled Co/Pd bottom layer. Note that the coercive field does not vary significantly by reducing the width of the Co-Pd-Py microconduit from 2 to 0.5 μm (see fig. S1 for details). We observe in-plane magnetization in Py microconduits, as shown in [Fig. 2C](#F2){ref-type="fig"}. Smaller coercive fields are found in films as compared with the structured microconduits.

![Device characterization.\
MOKE hysteresis loops for the microconduits (squares) (**A**) Co-Pd-Py in out-of-plane configuration, (**B**) Co-Pd in out-of-plane configuration, and (**C**) Py in in-plane configuration. a.u., arbitrary units. Direction of the applied field (*H*~a~) are shown by arrows for the three different microconduits. Dotted lines represent the hysteresis loop for a continuous film of the corresponding microconduit.](1700638-F2){#F2}

We start investigating straight microconduits for spin-wave propagation by recording BLS spectra as a function of RF excitation at remanent magnetization states (*H*~a~ = 0). Charge-coupled device (CCD) camera images of the microconduits are shown in [Fig. 3](#F3){ref-type="fig"} (A to C) in which the bright dots refer to the position of the probing laser spot. Reduction of laser intensity in a Py microconduit appears due to lower reflectivity of the 5-nm-thick Py as compared to the two other thicker microconduits. Before recording the BLS spectra, the devices were initialized with an out-of-plane saturating field and subsequently removed it. The BLS spectra (circles) for Co-Pd-Py, Co-Pd, and Py microconduits in the 3- to 9-GHz frequency range are shown in [Fig. 3](#F3){ref-type="fig"} (D to F). A noise floor (squares) was measured by turning off the RF excitation. To account for the fluctuations in the BLS intensity, all the spectra are averaged over multiple frequency scans, followed by normalization to the elastic reference peak. It can be seen from [Fig. 3D](#F3){ref-type="fig"} that Co-Pd-Py has prominent spin-wave responses below 6.5 GHz with distinct peaks at 3.3, 4.2, and 5.6 GHz. In contrast, the spectra for two reference samples consisting of Co-Pd ([Fig. 3E](#F3){ref-type="fig"}) and Py ([Fig. 3F](#F3){ref-type="fig"}) microconduits are comparable to the noise floor, which indicate no spin-wave propagation. However, some activity below 4 GHz is observed for the Py microconduit, which has in-plane remanent magnetization (referring to BV mode). To verify this response, we have investigated BLS spectra in the 1.5- to 4-GHz frequency regime for the Py microconduit, and we observe a peak near 1.9 GHz, which corresponds to BV spin waves (see fig. S2 for details). Note that no spin-wave mode is observed above 1.9 GHz for the BV mode. In addition, we have measured DE spin-wave spectra in Co-Pd-Py and compared with Py (see fig. S3 for details). The results show that DE spin waves (fig. S3B) have different spectra than what we see in [Fig. 3D](#F3){ref-type="fig"}. Hence, spin-wave modes observed in [Fig. 3D](#F3){ref-type="fig"} can be associated only with the out-of-plane magnetization of the topmost layer of the Co-Pd-Py conduit. Furthermore, the effect of far-field excitation was found to be insignificant in a control experiment with a broken microconduit (see fig. S4 for details).

![Spin-wave channeling in straight microconduits.\
(**A** to **C**) CCD camera images of the three devices, the Co-Pd-Py, Co-Pd, and Py microconduits, showing the laser position where the BLS spectra were recorded. Remanent magnetization directions are indicated by arrows. (**D** to **F**) BLS spectra (circles) as a function of RF for the three devices at remanence. The spectra were compared with the noise floor (squares) obtained without RF excitation. (**G**) Two-dimensional spin-wave intensity maps overlaid on SEM images of the Co-Pd-Py microconduit at 3.3, 4.2, and 5.6 GHz recorded over an area of 3 × 2 μm^2^. Each pixel corresponds to BLS intensity at that position. (**H**) Dependence of BLS integral intensity (squares) on the propagation coordinate for the three different modes at 3.3, 4.2, and 5.6 GHz along the center of the Co-Pd-Py microconduit. Lines refer to the fit to the experimental data using an exponential function, as discussed in the text.](1700638-F3){#F3}

To examine the spatial profiles of the three prominent modes at 3.3, 4.2, and 5.6 GHz of Co-Pd-Py, we raster-scanned the sample in steps of 200 nm along the *x* axis and 100 nm along the *y* axis over an area of 3 × 2 μm^2^. Two-dimensional maps of spin-wave intensity overlaid on top of the scanning electron microscopy (SEM) image of the device are shown in [Fig. 3G](#F3){ref-type="fig"}. Each pixel in [Fig. 3G](#F3){ref-type="fig"} represents the BLS intensity, which is proportional to the spin-wave intensity. [Figure 3H](#F3){ref-type="fig"} shows the spatial decay of the BLS intensity integrated over the transverse section (*y* axis) of the two-dimensional intensity maps. Note the logarithmic scale for the BLS integral intensity. Lines are the fit to an exponential function of the form exp(−2*x*/λ), where λ is the decay length, which is found to be \~2 μm. This value is close to that of surface waves excited by spin-transfer torque ([@R5], [@R29]) and surface waves in magnetic conduits based on microstripes ([@R30]) and dipolar-coupled nanomagnetic chains ([@R18]). A systematic investigation of the spin-wave spectra as a function of the width of the Co-Pd-Py microconduits is shown in fig. S5.

Isotropic propagation of information, a cornerstone of an SWD, is demonstrated in a concept Co-Pd-Py microconduit, which consists of three channels at different angles. [Figure 4A](#F4){ref-type="fig"} shows the SEM image of this device where the input was realized with the stripe antenna placed at the three-channel junction and the output was measured optically by using the micro-BLS technique at positions indicated by squares, circles, and triangles. For device integration, our input and output methodologies can be substituted by local electrical techniques, such as spin-transfer torque ([@R5], [@R29]) and spin Hall effect ([@R4]) for the first, and inverse spin Hall effect ([@R4], [@R31]) for the latter. The recorded BLS spectra as a function of RF excitation frequency and different symbols that correspond to different channels (as shown in [Fig. 4A](#F4){ref-type="fig"}) are shown in [Fig. 4B](#F4){ref-type="fig"}. Noise floor (diamonds) is included for reference. Three common modes can be observed at around 5.7, 6.7, and 8.2 GHz in all the channels. At lower frequencies, top (squares) and central (circles) channels have similar modes. However, one of the modes at 4.2 GHz is absent in the bottom (triangles) channel. It may be attributed to the symmetry of the mode with respect to the excitation process with the stripe antenna. Two-dimensional spatial profiles at 5.7, 6.7, and 8.2 GHz are shown in [Fig. 4C](#F4){ref-type="fig"}, which were obtained by raster-scanning the laser spot over an area of 3 × 12 μm^2^ in steps of 200 nm. Observation of similar spectra for three channels, which are at different angles, refers to the isotropic nature of the propagating modes. In contrast, note here that the spin-wave spectra vary with varying the curvature of the microconduit for DE spin waves typically used so far ([@R18], [@R32]).

![Isotropic spin-wave flow.\
(**A**) SEM image of the concept device in which a Co-Pd-Py conduit has three channels at three different angles. Antenna is placed at the three-channel junction. (**B**) BLS spectra as a function RF recorded at three channels indicated by different symbols in the SEM image. (**C**) Two-dimensional spin wave intensity maps at 5.7, 6.7, and 8.2 GHz recorded over an area of 3 × 12 μm^2^. Each pixel corresponds to BLS intensity at that position.](1700638-F4){#F4}

Finally, we discuss the potential of the isotropic SWDs for on-chip manipulation and long-range propagation for application point of view. Spin-orbit torque ([@R33]) or Oersted field from dc ([@R34]) is the potential option for local manipulation of spin waves. On the other hand, using low-damping material, such as Heusler alloys ([@R23]) and ultrathin YIG films ([@R35]), or the spin-orbit torque ([@R36]) could enhance the coherent propagation length of spin waves.

To summarize, we have demonstrated a novel route for realizations of isotropic spin wave--based devices by eliminating the need for an external magnetic field, which had been an elusive goal until now. The design of the magnetic conduit is such that an out-of-plane magnetization is naturally induced in the top Py layer because of perpendicular anisotropy induced by the exchange-coupled Co/Pd bottom layer. Remanent magnetic states are substantiated by polar MOKE hysteresis measurements. Propagation of FV spin waves has been directly probed using the micro-BLS technique, and FV modes are identified unambiguously by carrying out additional measurements in BV and DE geometries. Isotropic propagation of the spin waves is shown by using a microconduit with three channels at arbitrary angles. The results have significant implications in non-charge-based information processing and paves the way for the realization of isotropic spin wave--based devices.

METHODS
=======

Sample fabrication
------------------

Devices were fabricated on top of oxidized Si substrates by using a combination of multilevel electron beam lithography and optical lithography techniques. In a first step, the substrate was spin-coated with a positive electron beam resist polymethyl methacrylate, followed by electron beam lithography to pattern the magnetic microconduits. Subsequently, the substrate was developed in a solution of methyl isobutyl ketone and isopropyl alcohol with 1:3 proportion. Multilayer conduit structure consisting of Cr(5)/Cu(10)/Pd(5)/\[Co(0.3)/Pd(1.1)\]~6~/Py(5) was deposited using electron beam evaporation (for Cr, Cu, and Py) and sputtering (for Co and Pd) in the same chamber with a base pressure of 2 × 10^−8^ torr without breaking the vacuum. The numbers within the first brackets indicate the thickness of the corresponding material in nm. The number of repetitions is six for the Co/Pd multilayer. The desired microconduits were obtained after metal lift-off in acetone assisted by ultrasonic agitation. In a second step, a 1-μm-wide GSG-type stripe antenna was fabricated using electron beam lithography and lift-off processes, as described above. The antenna is made from Cr(5)/Au(70), where Cr and Au were deposited using electron beam evaporation and sputtering technique, respectively. In a third step, optical lithography technique was used to pattern the larger contact pads of the antenna using PFi positive photoresist and AZ 300 MIF developer. It was followed by the deposition of Cr(5)/Au(200) with a subsequent lift-off process. The stripe antennae were designed to have 50-ohm impedance. Two reference devices were also fabricated on two separate substrates using the same steps. Magnetic microconduits of these reference samples are made from Cr(5)/Cu(10)/Pd(5)/\[Co(0.3)/Pd(1.1)\]~6~ and Cr(5)/Py(5) layers.

BLS spectro-microscopy
----------------------

BLS is a unique technique for investigation of spin waves that enables measurements in frequency, space, time, and phase domains ([@R37], [@R38]). It is based on inelastic light scattering of incident laser beam from the spin waves of a magnetic medium due to the conservation of total energy and angular momentum. The scattered laser beam from the magnetic sample was analyzed using a TFP interferometer (TFP-1, JRS Scientific Instruments), which operates in six-pass geometry to enhance the weak magnetic signal (inelastic scattering) from a strong elastic background. In a micro-BLS setup, a monochromatic green laser (wavelength, 532 nm; power, 1 mW) was focused down to a diffraction-limited spot diameter of \~250 nm by using a large--numerical aperture 100× objective. A collinear white light and camera arrangement was used to position and view the devices. The devices were placed on top a piezo-controlled nanopositioning stage. The long-term image stabilization with respect to the laser spot was continuously monitored by using a computer-controlled active-feedback algorithm. Two-dimensional spatial profiles of the spin-wave modes were obtained by raster-scanning the sample in steps of 100 or 200 nm using a closed-loop piezo scanner. Spin waves in the devices were excited by using an RF signal generator (0 to 20 GHz) connected to a GSG-type stripe antenna. The width (*d* = 1 μm) of the antenna defines the upper limit of the wave vector, *k*~max~ = 2π/*d* = 6.2 rad/μm ([@R39]).
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fig. S1. Width dependence of magnetic hysteresis in Co-Pd-Py microconduits.

fig. S2. BV spin waves in a Py microconduit.

fig. S3. DE spin waves in Co-Pd-Py and Py microconduits.

fig. S4. Effect of far-field excitation by the antenna.

fig. S5. Width dependence of spin wave spectrum in Co-Pd-Py microconduits.

fig. S6. Anisotropic propagation of spin waves when magnetized in-plane.
